A technique of obtaining muscle biopsies with a liquid nitrogen cryoprobe was used to study intramuscular metabolites in MH-susceptible and unsusceptible pigs. There was no significant difference in muscle metabolite values obtained from susceptible and unsusceptible pigs in the resting state. During MH the changes in metabolites were a result of rapid glycogenolysis and no abnormality of glycolytic control was observed.
There are few data available on changes in muscle metabolites during malignant hyperthermia (MH) in the pig since most of the results reported have been confined to a few metabolites collected, at random times, during the hyperthermic response (Clarke et al., 1973; Van Den Hende et al., 1976; Mitchell, Heffron and van Rensburg, 1980) . It has been suggested that, in the resting state, the intramuscular phosphocreatine (PC) concentration is lower in MH-susceptible pigs compared with unsusceptible pigs, and that this represents an inherent biochemical defect in susceptible muscle (Mitchell, Heffron and van Rensburg, 1980) . In preliminary experiments using a conventional needle biopsy technique to obtain muscle samples from anaesthetized pigs (Bergstrom, 1962) , we consistently found a low pH and that metabolite values in Pietrain muscle varied widely during the control period. Since Pietrain muscle is extremely sensitive to a wide variety of stimuli, it w,as postulated that the low pH and fluctuations in control values were a result of the trauma of biopsy. Therefore, in an attempt to decrease the effects of the stimulus C| f biopsy on metabolite concentrations a new technique of obtaining muscle biopsies using a liquid nitrogen cryoprobe to freeze muscle in situ before excision was developed.
The aims of the present study were two-fold. First, to compare the concentrations of muscle metabolites from MH-susceptible (Pietrain) and un- susceptible (Large White) pigs in the resting state. Second, to examine systematically the changes in intramuscular high-energy phosphates, glycogen and glycolytic intermediates during MH to determine whether glycogenolysis proceeded normally.
MATERIALS AND METHODS

Animal preparation
Eight Pietrain pigs (mean weight 64 kg, SEM ± 3 kg) and five Large White pigs (mean weight 68, SEM ± 2 kg) were studied. Fifteen minutes after sedation with ketamine 15-2Omgkg~' i.m., anaesthesia was induced with an injection of thiopentone 10-15mgkg"' to an ear vein. After intubation of the trachea, the lungs were ventilated with 66% nitrous oxide in oxygen using a Cape-Waine ventilator and anaesthesia maintained with incremental doses of thiopeqtone. The femoral blood vessels of a leg were cannulated as described previously (Hall et al., 1982) . Muscle temperature was measured using a thermistor placed in the biceps femoris. Skin incisions were made to expose the gracilis muscle on both hind legs and care was taken to keep the covering muscle fascia intact.
About 30 min after the induction of anaesthesia samples of blood (control) were collected from the femoral artery for the measurement of pH, glucose concentration, lactate concentration and haematocrit (Hall et al., 1980) , and a biopsy obtained from the gracilis muscle using a liquid nitrogen cryoprobe. The pigs' lungs were then ventilated with 1 % halothane for 10 min and suxamethonium 1 mgkg 1 was administered i.v. after 5 min ventilation with halothane. Blood samples from the femoral artery and biopsies of the gracilis muscle were obtained every 10 min until the Pietrain pigs died of MH and from Large White pigs for 40 min after the start of the ventilation with halothane.
Muscle biopsies
The surface of the gracilis muscle was frozen in situ using a liquid nitrogen cryoprobe which produced a high proportion of liquid to vapour in a head of 1 cm diameter. The frozen "ball" of muscle was widely excised and rapidly placed in liquid nitrogen, before storage at -80°C. The area of initial freezing produced by the cryoprobe head was easily distinguished from surrounding muscle and only this part of the specimen was used for analysis. An inevitable drawback of the technique was that the biopsy could only be obtained from the surface of the muscle. Histochemical analysis showed a high proportion of Type II (fast-twitch) fibres (85-90% in four different pigs).
Before analysis of the muscle metabolites was undertaken, the tissue was freeze-dried overnight and dissected free from connective tissue, fat and blood. Muscle fibre bundles were grossly dissected and ground to a fine powder in an agate pestle and mortar. During this process further small pieces of connective tissue were indentified and removed. The powdered muscle was weighed on a sensitive microbalance and then extracted in 100 jilitre of perchloric acid 0.5mol litre" 1 for each 1 mg of powder at 0 °C for 20 min with occasional mixing. The tubes were briefly centrifuged and the perchlorate supernatant neutralized with 0.25 vol of potassium bicarbonate 2.1 mol litre"
1 . The acid-soluble metabolites were analysed enzymically as described by Harris, Hultman and Nordesjo (1974) and Edwards and colleagues (1975) . The glycogen content of the acid-insoluble pellet was determined according to Harris, Hultman and Nordesjo (1974) based on the method of Marshall and Whelan (1970) . Muscle metabolite concentrations are reported as mmol kg" 1 dry weight. The results are expressed as mean values ± SEM. The data were analysed using a one-way or two-way analysis of variance as appropriate.
RESULTS
Pietrain v. Large White muscle metabolite values
There were no significant differences between the PC, ATP and ADP ( fig. 1) muscle in the resting state. The total creatine concentrations (phosphocreatine and free creatine) of Large White and Pietrain muscle were 128.0 and 129.8 mmol kg" 1 dry weight, respectively.-The administration of halothanc and suxamethonium to the five Large White pigs did not result in any significant changes in intramuscular metabolites from control values. After 30 min the concentrations were: PC 80.7±3.6, ATP 27.9± 1.8, ADP 2.53 ±0.17, glucose 6-phosphate 0.39±0.13, lactate 5.6 ± 1.2 and glycogen 197 ± 7.4 mmol kg" 1 dry weight.
MH in Pietrain pigs
MH occurred rapidly in the Pietrain pigs, with typical changes in arterial pH, blood lactate concentration, blood glucose concentration, haematocrit and muscle temperature (table I) . (table II) . The onset of MH was associated with a decrease in PC from 79.8 to 38.4 mmol kg" 1 dry wt (P< 0.01) after 10 min, together with a concomitant increase in free creatine. PC values continued to decline rapidly during MH to 8.7 mmol kg" 1 dry weight (P< 0.001) after 30 min. ATP concentrations were maintained during the early part of the hyperthennic response but decreased from 25.7 to 19.4 mmol kg" 1 dry wt (P<0.01) after 20 min. ADP and AMP values increased and these changes became significant 
High-energy phosphate compounds
DISCUSSION
The results demonstrate clearly that there was no difference in muscle metabolite values obtained from MH-susceptible arid unsusceptible pigs in the resting state (figs 1 and 2). In particular, we have failed to confirm the difference in PC concentrations shown by Mitchell, Heffron and van Rensburg (1980) . We suggest that their results may be a result of the hydrolysis of PC produced by the stimulation of biopsy from sensitive muscle and thus it is not necessary to postulate a mitochondrial defect.
It has long been suspected that a conventional needle biopsy in man produced some artefactual breakdown of PC. It was shown by Kretzschmar and Wilkie (1969) and Kretzschmar (1972) that frog muscle must be frozen within 100 ms to prevent the loss of PC. The fastest possible freezing of a needle biopsy sample is about 5 s. Recently Edwards and colleagues (1982) have used phosphorus-31 nuclear magnetic resonance to determine PC concentrations in resting human muscle and calculated values of 28.5mmolkg ' wet weight compared with typical needle biopsy values of 17.4 mmol kg" 1 wet weight. There was no significant difference in ATP values and the total phosphorus content of muscle, that is PC + inorganic phosphate, was similar with both methods. The cryoprobe method of biopsy used in the present study froze the superficial muscle fibres in 1 -2 s, which although better than a needle biopsy is still considerably more than the 100 ms necessary to prevent any loss of PC. We suggest that the use of non-invasive phosphorus-31 nuclear magnetic resonance will finally resolve the controversy of a breed difference in PC values in the resting state.
The method of obtaining muscle biopsies used in the present study is a useful improvement on the needle biopsy for examining metabolite changes in MH-susceptible muscle. There are, however, other aspects of the preparation of the sample which are of great importance. It is essential to freeze-dry the sample to enable connective tissue to be identified and removed. Contamination of the sample with connective tissue could be as high as 30-40% of the dry weight, but this was reduced to less than 5% using the techniques described. In addition, the use of a dry weight standard for metabolite concentrations obviates the problem of changes in muscle water content during porcine MH (Berman and Kench, 1973) . Edwards and colleagues (1975) have stressed the importance of relating any change in metabolite concentration to a reference standard such as total creatine (PC + free creatine), before stating whether a metabolite is present in an abnormal concentration. Previous studies on muscle metabolites in porcine MH have all failed to use a reference standard.
The changes found in glycolytic intermediates (table III) reflect the massive increase in glycogenolysis and are similar to those found during intense exercise of short duration (Essen, 1978) . The increase in intramuscular free glucose confirms the efflux of glucose from the leg observed in a previous study (Hall et al., 1982) . There was no obvious abnormality in glycolytic control and the increase in glycerol 1-phosphate concentrations during MH suggests that the conversion of dihydroxyacetone phosphate to glycerol 1-phosphate is a supplementary pathway for the reoxidation of NADH. Although this is quantitatively less important than the reduction of pyruvate and lactate, the continuing regeneration of NAD is essential if glycolysis is to proceed with the consequent synthesis of a small amount of ATP.
The progressive decline in glycogen values during MH (table III) indicates sustained activation of the enzyme glycogen phosphorylase (EC 2.4.1.1). Transformation of the inactive form to the active form of the enzyme in vitro is usually considered to be controlled by muscle activity, that is an increased intracellular Ca 2+ concentration, and by 0-adrenergic stimulation (Danforth, Helmreich and Con, 1962) . However, studies in man have failed to demonstrate activation of phosphorylase during exercise (Gollnick et al., 1978; Toews et al., 1979) . Recent work by Chasiotis, Sahlin and Hultman (1982) has shown that inorganic phosphate is a critical factor in controlling phosphorylase activity and acts as an important and rapidly acting link between PC hydrolysis and glycogenolysis. These findings suggest a mechanism by which decreases in PC concentrations in Retrain muscle, as a result of either biopsy or MH, will lead inevitably to associated changes in glycolytic metabolites.
We conclude that the changes in intramuscular metabolites found during MH represent a massive stimulation of glycogenolysis in an attempt to maintain ATP values in the presence of continuing activation of the myofibrillar ATPase.
